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Introduction
The liver is responsible for a major share of the removal from the circulation of lactate and equivalent hydrogen ions generated at the periphery by glycolysis, though its precise contribution under different conditions is uncertain (Cohen & Woods, 1976; Ahlborg, Hagenfeldt & Wahren, 1976; . It is known from observations in anaesthetized dogs (Tashkin, Goldstein & Simmons, 1972) and in isolated perfused rat livers (Iles, Baron & Cohen, 1979) that low liver blood flow may reduce hepatic lactate uptake, but not greatly unless marked ischaemia is present. Acidosis produces marked Correspondence: Professor R. D. Cohen, Metabolic and Endocrine Unit, The London Hospital, Whitechapel Road, LondonEI IBB. inhibition of hepatic lactate uptake in the rat (Lloyd, Iles, Simpson, Strunin, Layton & Cohen, 1973; Iles, Cohen, Rist & Baron, 1977) . Low liver blood flow and acidosis are features of exercise and circulatory failure ('shock') where there is an increased need for removal of lactate and hydrogen ions from the circulation. We have therefore studied in the isolated perfused liver the effect of combined partial ischaemia and acidosis on lactate uptake.
Materials and methods

Animals
Inbred Glaxo-Wistar rats of weight 140-200 g were starved for 48 h before the experiments.
Chemicals
The source and specification of all reagents and labelled compounds have been previously described (lies et al., 1979) .
Methods
Isolated perfused liver preparations were set up as previously described except for a modification designed to prevent significant loss of oxygen from the perfusion medium occurring through the Portex tubing employed in the apparatus when low flow rates were used. The modification consisted of a variable bypass around the liver arising from a point close to the insertion of the portal vein cannula. Thus, even when the fraction of total perfusate flow passing through the liver was low, the rate of flow up to the portal vein was fast and constant in relation to the weight of the rat; at
Results
Chemical methods and calculations
The methods for estimating perfusate pH, Peo 2 , lactate, glucose and oxygen content, radioactivity counting and adenine nucleotides have all been previously described, as have the calculations of uptake and output (using the Fick principle), cell water and lactate and adenine nucleotide content (Cohen et al., 1971; lies et al., 1979) . The liver metabolite concentrations were calculated by assuming an extracellular water space of 34% in freeze-clamped tissue (lies et al., 1979) . t-tests and regression analyses were performed by standard parametric methods (Snedecor & Cochran, 1967) ; when appropriate, the Mann-Whitney V-test was used. Simultaneously, with refill of the reservoir, the flow rate through the liver was reduced to either 50 or 20% (subgroups b,c) of the initial flow rate of 7·5 ml mirr ' 100 g-l rat body wt. or was allowed to remain unchanged (subgroup a). Perfusate lactate concentration after refilling of the reservoir in group I was 6·5-8·5 mmol/l. After a further period of 17 min, duplicate portal and hepatic venous samples were taken for the measurement of lactate, glucose and oxygen and radioisotope content, perfusate pH and Pco; A small portion of liver was then removed and transferred to a dry tube for subsequent measurement of radioactivity content. The remainder of the liver was then freeze-clamped and ground under liquid nitrogen before deproteinization with perchloric acid (0·6 mol/I) and estimation of adenine nucleotides.
Effect of simultaneous ischaemia and metabolic acidosis (groups 1 and 2)
A further set of experiments (group 3) was undertaken in which no acidification was carried out. The protocol was identical with that described above except that L( +)-lactic acid neutralized with sodium hydroxide was added instead of hydrochloric or un-neutralized lactic acid.
these fast rates oxygen loss is negligible. The perfusate contained expired human erythrocytes (4-5 weeks after donation) at a packed cell volume of approximately 0·17 and fraction V bovine serum albumin (40 gil; Sigma Chemical Co.) (Baron, lies & Cohen, 1978) . The temperature of the perfusate was 36-37°C, the Pco, approximately 5·2 kPa and initial pH was 7·35-7·43. The changes in pH used in the protocols described below were achieved by lowering of the bicarbonate content and replacement with either chloride or lactate.
In the first set of experiments the effect of sudden lowering of perfusate pH and flow rate on lactate and oxygen uptake, glucose output and intracellular pH was studied. The protocol is shown in Fig hydroxy-fmethyl-14C [inulin and 3H 2 0 were added to the perfusate for the measurement of hepatic intracellular pH; the amounts added, together with the quantities of carrier dimethyloxazolidinedione and inulin, have been previously described (Cohen, lies, Barnett, Howell & Strunin, 1971) . After 10 min perfusion in the recirculating mode, there was a further 20 min of non-recirculating perfusion. After passing through the liver the perfusate was collected in a container placed on a magnetic stirrer and either L( + )-Iactic acid (300 mmol/l) (group I) or hydrochloric acid (300 mmol/l) (group 2) added slowly to it so that its pH was approximately 7·05 by the time the reservoir was 
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Intracellular pH 7·16 ± 0·06 (5) 7·22 ± 0·03 (7) 7·37 ± 0·03 (5)· 7·\0 ± 0·02 (7) 7·12 ± 0·05 (7) 7·28 ± 0·26 (2) 6·78 ± 0·12 (5)t 6·83 ± 0·13 (4)t 7·09 ± 0·07 (6)·tt (group 2) lactate experiments. In both groups there was a trend of decreasing mean intracellular pH with reduction in flow, which was particularly marked as flow was reduced from 50 to 20%. There was no significant difference in intracellular pH between corresponding subgroups in group 1 and group 2 experiments. The marked fall in intracellular pH as ischaemia was increased occurred in spite of the fact that perfusate pH was virtually identical in all subgroups, both in the portal and hepatic veins (hepatic venous pH not shown) ( Table 1) . Mean portal and hepatic venous Pco; (the latter not shown) were also similar in all groups apart from a moderate elevation in hepatic venous Pco, to 6·63 kPa in subgroup 2c; this elevation could not account for more than a small fraction of the fall in intracellular pH in this subgroup (Baron et al., 1978) and in any case a similar fall in intracellular pH occurred in subgroup lc in which there was no such elevation in Pco; Table 1 also shows hepatic venous Po 2 ; portal venous P0 2 (not shown) was in the range 60-70 kPa. Oxygen uptake (Table 2) declined similarly with flow rate in both groups. In both group 1 (acidification with lactic acid) and group 2 (acidification with hydrochloric acid) there was a progressive fall in lactate uptake as the severity of ischaemia was increased (Table 2) . However, lactate output did not occur in either group even at the lowest flow rate. The main differences between groups 1 and 2 lie in the lactate uptakes and intracellular lactate concentrations. The former are higher in group 1 when the perfusate lactate concentration was approximately 8 mmol/l in contrast with 0·8-1 mmol/l in group 2; however, the differences, although significant, are not large. The ratio lactate uptake/glucose output was close to the theoretical value of 2 in groups 1 and 2 at 100% flow, but more glucose was produced at 50% flow than could be accounted for by lactate uptake, and was thus presumably derived from endogenous sources (Iles et al., 1979) .
There were falls in cell ATP concentrations (Table 3) of approximately 35% compared with those at 100% flow in subgroups lb, lc and 2c, and a smaller fall (20%) in subgroup 2b. These falls were accompanied by rises in ADP and AMP with the result that there was little change in total adenine nucleotides as ischaemia progressed.
Effect of lactate addition and ischaemia without acidification (group 3)
Tables 2 and 3 also show the results of experiments in group 3 in which no acidification was imposed. It may be seen that with perfusate lactate concentration similar to those in group I lactate uptake and glucose output were somewhat higher (25-70%) in group 3, except at the lowest flows. Hepatocyte ATP (and ADP) levels were lower in group 3 than in group 1 at an flow rates.
Discussion
During steady exercise in man at 50-70% of maximal oxygen uptake, hepatic blood flow may 
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fall to 30--50% of the resting level (Rowell, Kraning, Evans, Kennedy, Blackmon & Kusumi, 1966; Sestoft, Trap-Jensen, Lyngsee, Clausen, Holst, Nielsen, Rehfeld & de Muckadell, 1977) ; lower flows might be expected in shock. For these reasons values of 50 and 20% of the conventional 'normal' perfusion rate were selected in the present studies. Subsequent work has suggested that the 'normal' flow employed may provide only 67% of the likely oxygen delivery to the rat liver in vivo and that '50' and '20%' might in fact correspond to 33 and 13% of normal respectively (lies et at., 1979) . The perfusate pH level of approximately 7·09 used in the groups 1 and 2 experiments in the present study are readily reached during a short burst of near-maximal exercise in man (Robinson, 1968) . The observations in groups 1 and 2 show that when the perfusate pH is made acid there is a progressive fall in lactate uptake and glucose output as flow decreases. The provision of extra substrate by acidification with lactic acid rather than hydrochloric acid, thus simulating conditions during exercise and shock, improves lactate uptake by a small but significant amount at all flow rates, but there is very little improvement in glucose output. This finding is consistent with the inhibition by metabolic or respiratory acidosis of hepatic gluconeogenesis from lactate lies et al., 1977; Baron et al., 1978) . When lactate was added without acidification (group 3) lactate uptake and glucose output were greater at 100 and 50% flow rates than at corresponding flow rates of an acid perfusate (in group 1), indicating the contribution of acidosis to inhibition of lactate removal.
Adenine nucleotide concentrations were measured in the present studies to compare the changes seen in ischaemia and acidosis with those previously observed in ischaemia alone (lies et al., 1979) . At all flow rates tissue ATP concentration was greater when the perfusate was acidic; a possible explanation is that ATP consumption might have been less in acidosis owing to inhibition of gluconeogenesis. Thus in the non-acidotic group the drain on ATP owing to rapid gluconeogenesis may have caused a depression in ATP concentration. It should be noted that the levels of ATP in the normal pH group perfused with lactate (8 mmol/l) are lower than were found by lies et at. (1979) when livers were perfused with lactate at 2 mmol/l. In addition the total adenine nucleotide pool in group 3 is some 20-30% less than that in the acidotic groups [and also less than the value found by lies et at. (1979) ]; it is possible that acidosis has an inhibitory effect on adenine nucleotide degradation via AMP and inosine and alters the mass/action ratio [ATP] [AMP]/ [ADP]2 in the adenylate kinase reaction.
It has been suggested (Cohen & Woods, 1976 ) that increased lactate supply to the liver resulting from hyperlactataemia in exercise and shock might, because of lactate ion conversion into neutral products (glucose or carbon dioxide and water) and consequent consumption of hydrogen ions, raise intracellular pH and therefore relieve partial inhibition of lactate removal due to acidosis. The present studies lend no support to this suggestion, since intracellular pH did not differ between the corresponding subgroups in groups 1 and 2.
The effect of moderate exercise on splanchnic uptake of lactate in normal subjects has been studied by Wahren, Felig, Ahlborg & Jorfeldt (1971) and by Sestoft et al. (1977) . Both groups observed a rise in hepatic lactate uptake as plasma lactate rose. Hepatic blood flow fell by just over 50%. However, in these studies arterial lactate concentration was only 2-3 mmol/l and there could, therefore, have been little element of metabolic acidosis present. With more strenuous exercise both ischaemia and acidosis might be expected to affect lactate uptake by the liver; the results of the present study in vitro suggest that the combined effects of these factors might considerably inhibit lactate uptake during strenuous exercise or shock. Although the work of Hermandsen & Stensvold (1972) strongly suggests that, during submaximal exercise, skeletal muscle, rather than the liver, plays the major part in the removal of lactic acid (generated by a previous period of maximal exercise), such a mechanism cannot be operative in maximal exercise or shock. In the following paper (lies, Cohen, Baron, Smith & Henderson, 1981) we examine the possible role of the increased circulating adrenaline seen in exercise and shock in overcoming the depression of hepatic lactic acid disposal due to ischaemia and acidosis.
